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Abstract 
The initial structural analysis of the ternary complex of 
procarboxypeptidase A from hemihedrally twinned 
crystals diffracting up to 2.8 ,~ is described. Detection 
of twinning by different techniques is presented, 
including biochemical and intensity statistics approaches. 
The structure was initially solved using Patterson-search 
techniques, and the three positioned search models were 
used to effectively deconvolute the twinned data. 
Introduction 
The ternary complex (TC) of the bovine digestive 
proenzyme procarboxypeptidase A (PCPA) with the 
serineproproteinases chymotrypsinogen C (CTGC) and 
proprotease E (BPE) (Avil~,s, Vendrell, Guasch, Coil & 
Huber, 1993) crystallizes in rhombohedral crystals of 
space group R3 with a -b=188,  and c=82,~ 
(hexagonal setting). These crystals display twinning by 
hemihedry, being the crystal composed by two differ- 
ently orientated twin domains (Koch, 1992; Redinbo & 
Yeates, 1993). The relative fractions of both twin species 
are a and (1 -c~), respectively [a is referred to as the 
fraction of the less abundant domain related to the entire 
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crystal volume (0 < ct < 0.5)]. This intrinsic problem has 
been often observed and discussed in depth (Fisher & 
Sweet, 1980; Rees, 1980; Redinbo & Yeates, 1993). 
In the present case, the twinning symmetry operator is 
a twofold axis along [110], the diagonal between a and b, 
giving rise to a diffraction pattern that simulates R32 
symmetry. This means that the twin-related reflections 
are those of indices (hkl) and (kh-l), respectively, with 
obs theo associated intensities lhu- and /obs-theo The result- 
in in • " obs obs • "kh-t • g tensmes  lhk t and lkh'_ t In the diffraction pattern are 
therefore composed as described in (1) and (2). 
lobs _ x.obs-theo, (al~bS/theo), hkt : [(1 - -  Ut ) l  hk I ] + ( 1 ) 
l~bS t , -obs - theo ,  o t ) lObs - thco]  = tOUhU ) + [(1 -- kh-t • (2) 
This linear system of equations can, in principle, be 
solved whenever a#0.5 .  However, some severe 
problems arise in practice. First, the system is very 
dependent on a good estimation of t~. Rees (1980) 
studied this problem extensively. According to this 
analysis, it is possible to estimate u using Wiison's 
diffraction intensity distributions (Wilson, 1949). A 
cumulative distribution function N(Z, c0, where Z 
represents the intensity relative to the mean intensity, 
gives the fraction of reflections having an intensity less 
than Z. This function, for non-centrosymmetric reflec- 
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tions, is given by (3) and (4), 
= (ot[exp(-Z/a) - 1] - (1 -a )  N (Z, ot) 
x {exp[-Z/(1 -a ) ] -  1})/[(1 - 2or)], (3) 
for t~ 4: 0.5, 
N(Z, or) = 1 - (1 + 2Z)exp(-2Z),  for ot -- 0.5. (4) 
The graphic representation Z against N(Z, el) renders a 
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Fig. 1. (a) Graphical representation for different twinning fractions a of 
the theoretical cumulative distribution function N(Z, ot), where Z 
represents the intensity relative to the mean intensity, giving the 
fraction of reflections having an intensity less than Z. This function, 
for non-centrosymmetric reflections of crystals, is given by (3) and 
(4) in the text. Note that N(Z, ct) = N[Z, (I - a)]. (b) Experimental 
N(Z) curves. A comparison with the theoretical distribution for 
ot = 0.0 (thickest, solid line) as a reference is included. Six 
untwinned ata sets arbitrarily chosen (R. Huber, unpublished results; 
thin lines) display an exponential habitus and are always located 
above the theoretical distribution for an untwinned crystal. TC data 
(thick, solid line), so as a further data set (R. Huber, unpublished 
results; thick dashed line) for which twinning was suspected, render a
sigmoid habitus and lie below the theoretical values. 
1-exp( -Z) ]  and a progressively sigmoid one for 
increasing values of o~, as observed in Fig. l(a). 
However, it may be difficult to obtain a quantitative 
estimation of the twinning degree in experimental data 
just by comparing the experimental N(Z) curves with the 
theoretical ones, as discussed later (Fig. lb). In any case, 
the clearly different habitus of the curve obtained from 
untwinned ata may allow at least to confirm or discard 
twinning. 
Even when an accurate value of a is available, the 
solution of the linear system of (1) and (2) amplifies 
errors in intensity determinations by a factor of 
approximately 1/(1 -2 .  a) (Redinbo & Yeates, 1993). 
Thus, the error grows as o~ increases and becomes infinity 
for perfect winning (c~ = 0.5), when the system given by 
(1) and (2) is singular. 
Another problem when trying to solve (1) and (2) 
arises from the fact that only data I~ TM,  for which the 
corresponding twin partners l~bs t and 1~ 'bs are present, 
may be determined. Thus, the amount of missing data in 
the deconvoluted spectrum will be about twice the 
missing experimental data. 
In this work, we report the initial resolution of the 
crystal structure of the ternary complex (TC) of 
procarboxypeptidase A using twinned crystals and 
Patterson-search techniques. A method to accurately 
determine the twin fraction c~ when a partial solution is 
available is also discussed. 
Detection of hemihedral twinning 
Crystal diffraction data up to 2.8 ~, resolution for TC 
were collected from a single crystal on an MAR Research 
image-plate area detector attached to a Rigaku-Denki 
generator producing Cu Kc~ radiation operated at 5.4 kW. 
The data were processed with MOSFLM (Leslie, 1991) 
and gave an internal agreement factor Rsymm of 7.6% 
after evaluation with PROTEIN (Steigemann, 1991), 
when using the space group R3, and of 14% with R32. 
Thus, both possibilities were considered at this point, real 
space group symmetry R32 or R3 with strong hemihedral 
twinning. 
With one TC oligomer per asymmetric unit, we cal- 
culate V m of 2.7 .~3 Da-1 for R3 or 1.3 ,~3 Da-i for R32 
(Matthews, 1968). Of these, only the value for R3 seems 
acceptable. The crystallization conditions could have 
provoked the (at least partial) dissociation of the 
complex, giving in fact crystals of a binary complex 
(PCPA + BPE or PCPA + CTGC) or even, though 
unlikely, a mixture of both binary complex types, as the 
sequences of the two proteases BPE and CTGC are 
closely related (Kerfelec, Cambilleau, Puigserver & 
Chapus, 1986; Pascual et al., 1990). For the binary 
complexes, the V m value would be 2.0.~3 Da-l for R32, 
clearly within the acceptable range (Matthews, 1968; 
Bode & Schirmer, 1985). Therefore, the presence of the 
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Table 1. Analysis of the crystal volume (VKR) determination as applied according to the method developed by 
Kifersauer and coworkers (1995) to five crystals of the ternary complex of procarboxypeptidase A (a) to (e) 
Crystal 
(a) (b) (c) (d) (e) 
Estimated volume (nl) 3.10 4.28 8.1 I 3.60 4.18 
Protein contents (PQ) (pmol) 
per crystal considering different 
types of complexes 
PCPA + CTGC + BPE 20 28 47 21 22 
(PCPA +CTGC) + (PCPA + BPE) 13 19 32 14 15 
(combination of binary complexes) 
PCPA + BPE 28 40 65 29 30 
PCPA + CTGC 28 40 65 29 30 
Number of protein complexes (n) within 
the asymmetric unit considering different 
complexes 
PCPA + CTGC + BPE 1.08 1.10 (I.97 0.98 0.88 
(PCPA + CTGC) + (PCPA + BPE) 0.75 0.75 0.66 0.65 0.60 
(combination of binary complexes) 
PCPA + BPE 1.52 1.57 1.35 1.35 i.21 







TC in the crystals was experimentally verified: (i) 
crystals were carefully washed and dissolved in 2M 
urea. N-terminal chemical sequencing of this protein 
solution showed, unambiguously, the presence of the 
three molecules in approximately equimolar atios. (ii) 
The procedure developed by Kiefersauer and coworkers 
(Kiefersauer, Stetefeld, Lottspeich & Huber, 1995) in 
order to determine the volume of single crystals was 
applied in combination with a quantitative amino-acid 
composition determination. Five crystals were analyzed 
in this way, testing different hypothetical complexes in 
the asymmetric unit. (5), transformed according to our 
case, was applied, 
n - -  (NpR) / [Z(VKR) / (Vuc) ]  
-- (PQ x 6.023 x Ioll)/[9(VKR)/(Vuc)], (5) 
where n is the number of (binary or ternary) complex 
units present in the asymmetric unit, NeR is the number 
of protein oligomers in the crystal, z is the number of 
asymmetric units per cell (nine was taken; the possibility 
of a hypothetical R32 space group was analyzed 
assuming two binary complexes in the asymmetric unit), 
VKR (in nanolitres) is the measured crystal volume, Voc 
is the volume of the unit cell (2.51 × 10 -12 nl), and PQ, 
the protein quantity, is given in pmol. The results are 
presented in Table 1, showing that only one ternary 
complex per asymmetric unit (n = 1) is compatible with 
the measured ata. The pseudo-twofold symmetry is 
therefore due to hemihedral twinning. 
A further evidence for the presence of twinning in the TC 
crystals was obtained by analyzing the experimental 
cumulative distribution function N(Z), as indicated 
before (Fig. l b). In this analysis, the curve obtained 
from the experimental diffraction data of a TC crystal 
shows clear sigmoidal shape when compared with the 
theoretical distribution corresponding to a twinning 
fraction of 0.0. Some other arbitrarily chosen data sets 
(R. Huber, unpublished results) are displayed for 
comparison, including one for which twinning was 
suspected. As can be seen, the non-twinned experimental 
distribution curves do not coincide and lie above the 
theoretical values. However, for all of them the habiti are 
clearly exponential. Therefore, although this approach 
provides a clear indication of the presence of twinning in 
crystals, it does not give quantitative information. 
Initial structure determination 
Using the data set evaluated as space group R3, an initial 
solution for the three molecules comprising the TC was 
obtained with the AMoRe package (Navaza, 1994). In 
fact, it was possible to independently determine the 
positions of PCPA, BPE and CTGC for the two twin 
species. The models used during the search were porcine 
procarboxypeptidase A (Guasch, Coil, Avil6s & Huber, 
1992) for PCPA, porcine pancreatic elastase (Meyer, 
Cole, Radahakrishnan & Epp, 1988) for BPE, and 
chymotrypsinogen A (Wang, Bode & Huber, 1985) for 
CTGC. 
The rotation function for PCPA (calculated for data 
between 15 and 4.0 ,~) gave two clear prominent peaks at 
(3.5, 102.5, 102.0 °) and (116.2, 77.3, 282.2 °) (see Table 
2). Both peaks are given in Eulerian angles. No further 
peaks appeared higher than 30% of the correlation 
coefficient value of the first one. For both rotations, a 
clear solution of the translation function was found in 
(0.5127, 0.3376, 0.0; correlation coefficient 31.4; Rfactor 
42.4%) and (0.3364, 0.5083, 0.0; correlation coefficient 
25.7; Rfactor 43.8%), respectively. The values are given in 
fractional coordinates. Both solutions are related by a 
180 ° rotation around the diagonal between a and b and 
obviously correspond to the solutions for each of the twin 
species. The first solution, giving the highest correlation, 
corresponds to the most abundant twin species. 
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Table 2. Results" of  the Patterson search in twinned TC crystals 
Dist. stands for the smallest distance (in ,~,) between the centers of mass of the latter positioned molecule and the already fixed one(s) (denoted by 
>). The symmetry-equivalent positions are also considered. The results of the rotation function (RF; or, 13, Y) are in Eulerian angles, those of the 
translation function (TF; x, y, z) in fractional cell coordinates. Corr. is the correlation coefficient (Navaza,  1994). The solution corresponding to 
the same searching model for both twin species do not appear simultaneously due to a restriction in the closest distance between two hypothetical 
solutions (20 A). 
Molecule  a /~ 
Twin species 1 
RF  and TF  output for PCPA ( 1 1 ) 
RF-peak-number (I I) in output list: 1st 
I 1 3.5 102.5 
RF  and TF  for BPE (12) with 1 1 fixed 
RF-peak-number (I 2) in output list: Ist 
> 11 3.5 102.5 
12 20.0 126.5 
RF  and TF  for CTGC (13) with 11 and 12 fixed 
RF-peak-number (13) in output list: Ist 
> I I 3.5 102.5 
> 12 20.0 126.5 
13 28.3 ! 29.7 
y x y z Corr. Rfactor Dist. 
102.0 0.5127 0.3376 0.0000 31.4 42.4 
102.0 0.5127 0.3376 0.0000 31.4 42.4 5 ! .0 
341.5 0.4532 0.0774 0.3137 41.0 39.5 
102.0 0.5127 0.3376 O.O0(X) 31.4 42.4 51.0 
34 !.5 0.4532 0.0774 0.3137 41.0 39.5 42.8 
179.9 0.7120 0.9173 0.0405 41.0 40.1 
Fast rigid-body refinement (fiting; Castellano, Oliva & Navaza, 1992) of three positioned molecules 
> I I 3.0 103.1 101.9 0.5103 0.3371 0.0003 31.4 42.4 51.0 
> 12 19.2 125. I 339.4 0.4531 0.0770 0.3 ! 42 41.0 39.5 42.8 
> 13 29.4 128.0 180.9 0.7096 0.9202 0.0369 48.0 38.0 37.9 
Twin species 2 
RF and TF  output for PCPA (1 1) 
RF-peak-number (I 1) in output list: 2nd 
I I 116.2 77.3 282.2 0.3364 0.5083 0.0000 25.7 43.8 
RF  and TF  for BPE (12) with 11 fixed 
RF-peak-number (12) in output list: I lth 
> I I 116.2 77.3 282.2 0.3364 0.5083 0.0000 25.7 43.8 52.2 
12 98.4 53.2 159.9 0.7446 0.7855 0.0206 30.9 42.3 
RF  and TF  for CTGC (13) with 11 and 12 fixed 
RF-peak-number (I 3) in output list: 3 Ist 
> I I 116.2 77.3 282.2 0.3364 0.5083 0.0000 25.7 43.8 52.2 
> 12 98.4 53.2 159.9 0.7446 0.7855 0.0206 30.9 42.3 43.0 
13 92.3 50.6 0.9 0.5877 0.0419 0.2925 32.5 42.0 
Fast rigid-body refinement (fiting; Castellano, Oliva & Navaza, 1992) of the three positioned molecules 
11 116.9 77.2 281.8 0.3371 0.5100 -0.0003 25.7 43.8 52.2 
12 100.9 54.8 159. I 0.7441 0.7862 0.0198 30.9 42.3 43.0 
13 91.4 51.6 0.2 0.5864 0.04 16 0.2944 34.0 41.5 37.9 
Fixing each one of the solutions obtained for PCPA, 
the searching procedure was repeated for the second 
(BPE) and the third (CTGC) molecule (see Table 2) 
composing the TC. For the whole trimeric complex, the 
correlations obtained for the most and less abundant twin 
species were 48.0 (Rfactor 38.0%) and 34.0 (efactor 
41.5%) after fast rigid-body refinement ('fiting'; Castel- 
lano, Oliva & Navaza, 1992; Navaza, 1994), respec- 
tively. It is interesting to remark that the smallest search 
model used (the chymotrypsinogen A molecule, for 
CTGC) represents only 28% of the asymmetric unit 
content and therefore less than 14% when the less 
abundant twin species is considered. An inspection of the 
packing on a graphic display showed no incompatible 
overlapping of the three positioned molecules within 
each of the twin domains. 
Determination of the twin fraction 
The twin fraction was determined from the highest 
correlation [see (6)] between observed and calculated 
intensities, the latter being obtained using the model for 
the more abundant twin species and (7). 
Z .x / i ca lc - tw in t^ xx~ Corr(t~) = {[lhktCalc-twin( __ 
~ ) \ "  hkl ~,Ot ] l J 
\ hkl 
I'lObS obs) ]} ) /{Z[  calc-twin × L-hkj -- (lhkl Ihkt (~) 
/ hkl 
• , ca lc - tw in ,  ~,12 ~---,[lobs ~thkt ~Ct))l Z-.,,'hkt -- ~lhktsl)2l 1/2, / ob  ~t)t 1 I 
hkl 
where (1) is the mean intensity and, 
/calc-twin~ , hkl I, Ot) (1 _ x, calc _ .calc = - Ut j lhk I ~ Ol lkh_ l • 
(6) 
(7) 
The correlation coefficient has an unique maximum as 
a function of a. The expression for the optimal twin 
fraction may be obtained by solving the equation 
dCorr(ct) /dct  -- 0. We will derive it in a different way 
in order to discuss a more general method of detwinning, 
based on the work of Redinbo & Yeates (1993). These 
authors had proposed the following model dependent 
estimate (8) of l~bs-theo (Strictly speaking, they con- 
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sidered the case a - 0.5) that has to be updated as the 
refinement proceeds, 
lObs-theo [lObS ~ ,calc calc 
"~ - -  ot)lhk I ]/[2X(1 - u)]. "hkl t'hkl = AOttkh-t + ~.(1 
(8) 
We first note the following relationship between the 
quadratic misfit and the correlation coefficient, 
/lObS\ M in~ ({(/h°k bs -- \ 'hkl  / )  
-r/calc-twin, , ,-calc-twin, ,,1,2, 
- -  A, Ilhk I lot) - -  ~lhk I I, OlJ)]l ) 
I t l  °bs //°bs\)2)[ 1 -- Corr(ot) 2] 
\~'hkl - -  \ 'hkl  I 
(9) 
Thus, instead of maximizing the correlation, we may 
minimize, 
[(',obs __ ~.(1 ,,---,calc -- ,,-,calc 12, 
t,-~hkl - -  Ol)Chk I - -  AClf~kh_l] ), (10) 
with respect o ~, and a, where C =/ -  (I) denotes a 
'centred' intensity. (10) may be considered as a quadratic 
expression in the new independent variables ~.(1- o0 
and ~.ct, hence it has an unique global minimum. The 
condition of minimum leads to a linear system whose 
solution gives, 
~. = /(,obs ~,calc \ //(,calcqcalc\. 
\ "~ hkl O hkl I I \ "-" hkl O hkl I ,  
[/(,calct-~calc \ //t~calcqcalc \ i t~obsg~ca lc \~/ i t~obsqca lc \ ]  
Ol : t x "-" hkl "J hkl I - -  ~ \ "-" hkl ~" hkl / \ "-" hkl "-" hkl I I I \ "-" hkl ~" hkl I J 
__ f/t~calc[t-~calc __ g-,calc ~\] (11) 
tX~"hkl ~"'hkl " - 'kh- l l l J ,  
with '-'hkl~'Calc = "-'hkl(-'°bs + ~kh-l't'-'calc If a is sensibly different from 
0.5, (1) and (2) can be solved for lobs-theo 
"hkl 
obs-theo x, obs hit = [(1 -- OOZhu --otl~bhSt]/(1 -- 2a). (12) 
The correlation function displayed an unambiguous 
maximum at a = 0.37, a result hat was insensitive to the 
resolution range chosen, and even to the number of 
positioned molecules used for the structure-factor 
calculation. 
Once an accurate stimation of the twin fraction was 
available, the original data were deconvoluted using (12), 
rendering a final Rsymm of 12.9% and losing 19.4% of the 
measurements (due to missing [hkl /kh- l ]  pairs) when 
applying the detwinning procedure to unmerged ata, 
that is, before averaging the Friedel-mates. The initial 
Rfactor with this deconvoluted ata is 41.8% for 11 680 
reflections in the resolution range between 9.0 and 3.5 A,, 
displaying the calculated map extra density that has 
allowed to, at least partially, improve the TC model. 
The procedure here described was applied in order to 
systematically analyze the twinning fractions in TC 
crystals. A total of five data sets were processed in this 
way using the Patterson-search solutions found for the 
first crystal, rendering twinning fractions of 0.43, 0.49, 
and 0.43, respectively. For the fifth, ct is 0.04, that is, the 
untwinned data obtained from this crystal will be used 
for the final refinement of the TC stucture. 
Concluding remarks 
We have described preliminary results concerning the 
crystal structure analysis of the ternary complex of 
procarboxypeptidase A, using hemihedrally twinned 
crystals. It was found that the estimation of the twin 
fraction was rather insensitive to the completeness of the 
model. Patterson search and detwinning may, thus, be 
fruitfully used to solve rather complicated structures. 
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Note added in proof." the detwinning procedure in 
cases of hemihedral twinning described in this publica- 
tion has been implemented as a sub-program called 
geminis  in the AMoRe package. 
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